In Brief
Oliveira et al. clarify the evolutionary history of the oldest velvet worm in amber from Myanmar. Their findings suggest that Gondwanan onychophorans reached Southeast Asia prior to continental drift but colonized India only recently after the India-Asia collision, resolving the presence of these Gondwanan organisms in Laurasian-derived regions.
SUMMARY
The anomalous occurrence of supposedly Gondwanan taxa in Laurasian-derived regions remains an intriguing chapter of paleobiogeographical history. Representatives of Peripatidae, a major subgroup of velvet worms (Onychophora), show a disjointed distribution in the neotropics, tropical Africa, and Southeast Asia, the latter being the only landmass previously associated with Laurasia [1, 2] . The arrival of these animals in Southeast Asia is explained by two alternative, albeit not mutually exclusive, hypotheses: an early migration via Europe before continental drift (Eurogondwana hypothesis) or transportation via insular India during the Cretaceous and Paleogene (''out-of-India'' hypothesis) [3] [4] [5] [6] . The latter hypothesis is based on a single extant species of Peripatidae, Typhloperipatus williamsoni, in India. yCretoperipatus burmiticus from Myanmar is the oldest fossil onychophoran found in amber [7] , dating to sometime between the two proposed scenarios, and hence crucial for clarifying how Gondwanan lineages of these low-vagility animals reached Southeast Asia (see also Supplemental Information). Based on the anatomical reconstruction of yC. burmiticus using synchrotron radiation-based X-ray microtomography (SRmCT) and comparisons with extant taxa, we resolved this fossil species within Onychophora, particularly within Peripatidae, with T. williamsoni as its closest extant relative. This suggests that an early Eurogondwanan migration of peripatids was the most likely event, as Burmese amber is too old to be compatible with the out-of-India hypothesis. Moreover, peripatids probably colonized India only recently from Myanmar, refuting the putative Gondwanan relict status of Indian onychophorans. Finally, preservation artifacts identified in the novel amber material might have a major impact on studies of onychophoran stem and/or crown groups.
RESULTS
yCretoperipatus burmiticus described from Burmese amber [7] is the oldest and only known Mesozoic amber-embedded specimen of Onychophora, dating back to the earliest Cenomanian (100 million years ago [mya]) according to paleontological data and U-Pb dating of zircons from the amber matrix [8, 9] . However, the poor preservation of the single specimen previously found precluded major conclusions about this species. Herein, light microscopy and synchrotron radiation-based X-ray microtomography (SRmCT) applied to three newly discovered specimens of yC. burmiticus revealed numerous hitherto unknown features of this fossil species (Figures 2 and 3 ; see Supplemental Information for full morphological characterization), including a remarkable similarity to extant Southeast Asian peripatids, as demonstrated by a morphological comparison with an undescribed species of Eoperipatus from Thailand ( Figures S1 and S2 ).
Systematic Paleontology
Onychophora Guilding, 1853 [10] . Peripatidae Evans, 1901 [11] . yCretoperipatus burmiticus Engel and Grimaldi, 2002 [7] (Figures  1, 2, 3 , and S1-S4). LSID urn:lsid:zoobank.org:act:12E4F8E3-6E0D-41E8-8A13-B36369FCC90E
(http://zoobank.org/NomenclaturalActs/ 12E4F8E3-6E0D-41E8-8A13-B36369FCC90E). Referred Material Topotypes in yellow Burmese amber ( Figure 1) ; BU-001467 (nearly complete albeit suboptimally preserved adult; undefined sex); BU-001468 (exceptionally preserved anterior half of an adult; undefined sex) and ZZZ0066 (complete albeit suboptimally preserved juvenile; undefined sex). Emended Diagnosis yCretoperipatus burmiticus exhibits the following unique combination of characters: basal piece of dorsal primary papillae composed of two lateral and five anterior or posterior scale ranks ( Figure 2E) ; apical piece asymmetrical, with three anterior and two posterior scale ranks ( Figure 2E) ; distal-and proximal-most spinous pads of the legs shorter than the two in between, the proximal-most one being thinner than the others ( Figure 3C) ; nephridial tubercle located in the third pad, splitting it into two unequal parts (arrowhead in Figure 3D ); apical collar of type I crater-shaped papillae bearing eight scales ( Figure 3F ); ventral fields of modified scales [12] or interpedal structures [13, 14] absent. Differential Diagnosis Herein, yC. burmiticus is resolved within Peripatidae based on the following autapomorphies of this subgroup [14] [15] [16] [17] : primary dermal papillae subdivided into basal and apical pieces (Figure 2E) , spindle-shaped sensilla forming the antennal sensory fields ( Figure 3A ), presence of a diastema and a diastemal membrane in the inner jaw blade ( Figure S1D ), and genital pad situated between the penultimate legs ( Figure S2A ). Within Peripatidae, the presence of one anterior and one posterior distal foot papilla ( Figure 3B ) classifies yC. burmiticus among representatives of the Southeast Asian Peripatidae [11, 12, 14, 18] , i.e., the extant taxa Eoperipatus and Typhloperipatus, thus differing from all extant neotropical forms-a monophyletic group [3] herein named Neopatida-as well as from the tropical African Mesoperipatus, which show at least three distal foot papillae [14] . Different from Eoperipatus spp., yC. burmiticus lacks ventral fields of modified scales (present at least in E. totoro and Eoperipatus sp.; see [12] ) and shows the nephridial tubercle in the third spinous pad, while this structure appears further proximally ( Figure S2C 0 ) in Eoperipatus [11, 14, 19] . Although the position of the nephridial tubercle in yC. burmiticus is shared with the monotypic Typhloperipatus from India [18, 20] , these species are clearly distinct because well-developed eyes are present in yC. burmiticus ( Figure 2B and Movie S1), but not in T. williamsoni [14, 18] . Further taxonomically relevant characters of the Southeast Asian peripatids [11, 12, 14, 18] could not be compared, as neither internal structures nor the posterior end of a male have been preserved in the fossil material studied.
DISCUSSION
Knowledge of the evolutionary history of the only three described species of amber-embedded velvet worms [7, 21] has been stymied by suboptimal preservation of the few specimens available together with the limited imaging methods previously applied. In this respect, the newly discovered material of yC. burmiticus [7, 8] is relevant not only because it enabled us to reconstruct in detail the anatomy of an 100 million-year-old fossil species ( Figures S4A-S4D ) and resolve its uncertain [2] position within Onychophora but also because it provides new information to Present-day distribution of Peripatidae is represented in green and of Peripatopsidae in red. The localities of known amber-embedded onychophorans (y) are indicated in black for yTertiapatus dominicanus (Dominican amber), in purplish blue for ySuccinipatopsis balticus (Baltic amber), and in brown for yCretoperipatus burmiticus (Burmese amber). The temporal distribution of fossil and extant onychophorans is indicated on the left side by arrows of the corresponding color. Asterisk indicates the Quaternary period, to which the present day belongs. Map inset indicates the locality in Myanmar where the studied specimens (light micrographs) were found. Abbreviations are as follows: ae, anterior body end; an, antenna; lg, leg; pe, posterior body end. Scale bars represent 1.5 mm.
explore unclear evolutionary and paleobiogeographical aspects long associated with this ancient animal group.
First, our data revealed that, although onychophorans are softbodied organisms known to be highly prone to a fast decay [22] , preservation artifacts had not been considered carefully in previous studies of amber-embedded velvet worms and may have led to the misinterpretation of important anatomical features. The main example of this is the controversial absence of feet and claws, presented as diagnostic characters, in Baltic and Dominican fossil onychophorans [7, 21] . Recent decay experiments showed that the typical onychophoran foot [16, 23] may start decomposing immediately after death [22] , and since a fragile membrane is the only connection between the claws and the foot [16] , its decay may result in the claws detaching. Our findings demonstrate that claws indeed detach from the decaying specimen, often being found dispersed in the amber sample, sometimes far from the preserved specimen, which in turn may not exhibit any remaining feet or claws. The presence of stacked cuticular elements [24] in the detached claws found in our material (arrows in Figure S1F ) suggests that they belonged to the original specimen rather than to a putative exuvium, as only the outer-most cuticular layer of the jaws and claws are molted [25] . Hence, it is likely that these structures had detached from the Baltic and Dominican specimens [21, 26] and went unnoticed or even became completely lost due to trimming of the amber for optimal visualization of the specimen. If this holds true, the classification and suggested position of these amber fossils within the total group Onychophora [27] [28] [29] should be revised. This might also extend to a recent study of the Carboniferous fossil yHelenodora inopinata [29] , the anatomical interpretation of which, in our view, should be carefully reconsidered. The classification of this species within either the crown or stem group Onychophora remains debatable largely because of uncertainties regarding the presence of typical onychophoran features, such as claws and slime papillae [24, [29] [30] [31] [32] [33] . These structures had previously been identified in yH. inopinata [32, 33] but interpreted as taphonomic artifacts in a recent study [29] , which suggested that both claws and slime papillae were in fact absent in this species. However, Murdock et al. [29] identified ''small dark patches'' in several specimens-comparable in size, shape, and composition to those structures previously regarded as claws-but did not interpret them as claws because they were inconsistently distributed, sometimes outside the limits of the fossil. Considering that we also confirmed this phenomenon in yC. burmiticus, these dark patches in yH. inopinata could reasonably be interpreted as claws that were separated from the decaying specimen prior to or during fossilization.
We also observed that the slime papillae, unlike the legs, are highly retractile and could hardly be distinguished from the surrounding integument of yC. burmiticus, even using powerful imaging techniques (Movie S1). This raises the question of whether the slime papillae were indeed absent in yH. inopinata [29] , or whether the preservation of the analyzed specimens simply prevented their observation. Since it is difficult to decide between these two possibilities, and since claws could have been present in yH. inopinata, the recent assumption that this species belongs to the onychophoran stem group [29] should be considered with caution.
Preservation artifacts and methodological constraints might also have affected the only previous study [7] of yC. burmiticus, as neither the antero-posterior orientation of the single specimen found nor the classification of this fossil species within Onychophora could be resolved unambiguously [2] . Herein, we were able to close both of these gaps based on specific morphological correspondences found between our data on yC. burmiticus, those originally presented for this fossil species, and those available for other extant onychophorans (see Supplemental Information for further details). Using the exclusive anterior position of the nephridial tubercle on the fourth and fifth leg pairs and the typical reduction in the number of spinous pads in posterior leg pairs as morphological landmarks [12] [13] [14] , we suggest that the incomplete holotype of yC. burmiticus was originally misinterpreted as the anterior, while it in fact represents the posterior half of the animal. In addition, our findings also resolve yC. burmiticus unambiguously within Peripatidae and classify it among the Southeast Asian peripatids based on the unique number and arrangement of distal foot papillae in representatives of this clade.
Assessing the position of yC. burmiticus within the Southeast Asian Peripatidae, however, is more difficult due to the limited information currently available from most taxa of this group. Nevertheless, a literature survey suggests that the Indian T. williamsoni is morphologically more similar to yC. burmiticus [12, 18, 20] than the latter is to any representative of Eoperipatus from Thailand, Vietnam, and/or Malaysia. Most important is the unique combination of characters shared by T. williamsoni and yC. burmiticus on their fourth and fifth leg pairs, i.e., four complete spinous pads, a nephridial tubercle situated in the third pad, and only one anterior and one posterior distal foot papilla ( Figure S4D ). On the other hand, no taxonomically informative character supports a closer relationship between yC. burmiticus and representatives of Eoperipatus.
On this basis, two evolutionary scenarios are possible, neither of which can be unambiguously ruled out: yC. burmiticus either forms, together with Typhloperipatus, a sister clade to Eoperipatus, or it represents a taxon basal to all extant Southeast Asian Peripatidae. We favor the first hypothesis ( Figure 4A ) because the position of the nephridial tubercle observed in yC. burmiticus and Typhloperipatus is uncommon within Peripatidae [14] , while in Eoperipatus spp. it is either the same as in nearly all remaining peripatid species [12, 14] or further proximal [11, 19] . Therefore, it is more parsimonious to assume that the ancestral state of this character was originally retained in Eoperipatus and modified in the yCretoperipatus + Typhloperipatus lineage.
The presented evolutionary scenario, however, has major implications for the paleobiogeographical history of Onychophora. The confirmation of peripatids inhabiting Southeast Asia already during the Cretaceous, a time when India was an island completely isolated from any continental landmasses ( Figure 4B) , refutes, at least for Onychophora, the ''out-of-India'' hypothesis [6] , according to which India acted as a raft bringing Gondwanan lineages to Southeast Asia. Alternatively, the recent paleogeographical Eurogondwana model [5] , according to which Gondwanan lineages colonized Laurasia prior to continental drift via the Apulia microplate and subsequently went extinct in the Northern Hemisphere, seems to be the most likely scenario accounting for the presence of Peripatidae in Southeast Asia.
Even assuming a Eurogondwanan migration, onychophorans, like other animals and plants [6] , could well have spread to India prior to the subcontinent's split from Gondwana approximately 120 mya [1] . As such, the biogeographical importance of the only piece of evidence from present-day India, Typhloperipatus williamsoni, cannot be understated. Because this species is restricted to a very small region in the easternmost part of India [18, 20] , it could have been subjected to the long isolation period corresponding to India's northward drift toward [34, 35] and collision with Southeast Asia approximately 25 mya [1] and could still represent a Gondwanan relict population in this region.
The evolutionary position of yC. burmiticus as sister to T. williamsoni rather than to Eoperipatus species ( Figure 4A) , however, speaks against this putative Gondwanan relict status of Typhloperipatus in India. If one assumes that a peripatid population, in this case Typhloperipatus, persisted in India from its split with Gondwana (120 mya) until present day, one would also have to assume that many morphological features currently shared by Southeast Asian peripatids [14, 18] , including yC. burmiticus, evolved convergently in the Indian Typhloperipatus. Instead, it is more parsimonious to assume that a post-Gondwanan colonization of India by peripatids occurred after the socalled India-Asia collision [35] , thus explaining the morphological similarities among all Southeast Asian peripatids.
Three additional arguments speak in favor of a post-Gondwanan colonization of India by peripatids (see Supplemental Information for further details). First, India was previously associated with landmasses corresponding to present-day Australia, Antarctica, and South Africa [1, 35] (Figure 4B ). Apart from Antarctica, which lacks living onychophorans, the other two areas are colonized exclusively by Peripatopsidae [2, 15, [36] [37] [38] ; therefore, it is reasonable to assume that, if any Gondwanan-derived population of Onychophora ever persisted in India, it would also be composed of peripatopsids. Second, insular India had a hostile paleoclimate during the Cretaceous [39] and underwent drastic geological events [34, 40] , suggesting that a viable population of Onychophora would be unlikely to survive in India during this period. Finally, onychophorans have never been reported from Madagascar, even though this landmass shares a similar paleogeographical history with India [1] ( Figure 4B ). In the event that a Gondwanan relict population of Onychophora, irrespective of whether it belonged to Peripatidae or Peripatopsidae, had persisted in India and endured geological and climate events of the Cretaceous, one would expect the same to have occurred in Madagascar.
Despite the evidence for Eurogondwanan migration and postGondwanan colonization of India by peripatids, it is still difficult to determine precisely when these animals underwent the dispersal and extinction events that shaped their current distribution. However, it is clear that representatives of Peripatidae reached Southeast Asia prior to the earliest Cenomanian (100 mya), to which yC. burmiticus has been dated [8] . Fossil record indicates that onychophorans indeed inhabited the Northern Hemisphere during the Paleozoic [3] ; thus, their current absence from Europe, as well as the disjoint distribution pattern of Peripatidae, can be logically explained by extinction. burmiticus. Arrows indicate divergence times estimated herein and in a previous molecular study [3] . (B) Paleogeographic history of areas currently associated with the type locality of yC. burmiticus. Maps reconstructed after Seton et al. [1] . Abbreviations are as follows: af, Africa; an, Antarctica; au, Australia; sa, South America.
We estimate that the colonization of India by Peripatidae could not have occurred earlier than the latest Oligocene (25 mya), which marks the second of a two-stage collision of India with Asia [35] . This is the first time that a terrestrial connection had been established between India and Asia and the earliest period when peripatids were able to disperse into India-most likely from present-day Myanmar given the morphological resemblance between yC. burmiticus and T. williamsoni. To date, extant onychophorans have never been reported from Myanmar, although living representatives of Peripatidae occur in neighboring countries [12, 14] . Since this may simply represent a sampling bias, an eventual discovery of living onychophorans in Myanmar could bring more clarity to the scenario presented herein and shed light on the paleobiogeographical history of many other low-vagility invertebrate taxa, which also show purportedly Gondwanan lineages occurring in Laurasian-derived territories. Myanmar [41] [42] [43] . Specimens of Eoperipatus sp. used for comparative purposes were obtained and maintained in culture as described previously [14] . Amber pieces were documented using a Zeiss Axio Zoom.V16 stereomicroscope (Carl Zeiss) and scanned with a MicroXCT-400 (Carl Zeiss X-ray Microscopy). SRmCT was carried out at the Shanghai Synchrotron Radiation Facility, the Beijing Synchrotron Radiation Facility, and the Deutsches Elektronen Synchrotron (DESY). Dataset reconstruction, image stack treatment, and volume rendering were performed as previously described [25, 44, 45] . Scanning electron microscopy of Eoperipatus sp. was conducted as described elsewhere [12, 14] . Terminology of morphological structures follows Oliveira et al. [12, 14, 17] . A complete morphological description of the material is available in the Supplemental Information. 
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